An aqueous synthetic route at 95 °C yields selectively three scarcely reported vanadium +IV oxyhydroxides as nanoparticles with the smallest sizes reported so far. Formation mechanisms are addressed and highlight the extreme pH-sensitivity of the synthetic routes.
INTRODUCTION
Vanadium oxides and oxyhydroxides offer a well-furnished toolbox that contains a wide variety of compositions, structures, redox states, etc. This results in a large diversity of electrical, optical and intercalation properties, which can be implemented in many applications, especially in the fields of oxidative catalysis [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] (e.g. production of sulfuric acid 1 and maleic acid 15 ) and energy. [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] Several current technologies of redox flow batteries, 16 Liion or Na-ion batteries, [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] smart thermochromics, 28 electrochromic windows 29 and thermoelectric devices 30 are based on vanadium oxy-compounds. This profusion of applications relates directly to the various crystal structures and structure-property relationships. 29, 30 Especially, reduced phases incorporating V III and/or V IV species exhibit electrical properties of utmost importance, with e.g. a metal-to-insulator (MIT) transition 28, 30 involved in smart systems. Mastering the crystallographic structure permits to adjust the electron transport properties which are crucial for electrochemical storage and for thermochromic behaviors based on the MIT. However, while only one allotrope of V 2 O 5 is known, a hundred of reduced phases have been reported. This striking contrast points out the ambivalence of low valence vanadium oxides: they provide a unique range of compounds to adjust properties but materials chemists must face the challenge of selective elaboration with controlled structure, oxidation state and morphology in order to understand and efficiently use these properties. [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] 30, 31 This report is focused on two vanadium oxyhydroxides little studied in the literature.
On one side, Duttonite V IV O(OH) 2 (Figure 1) is made of chains of distorted octahedra VO 2 (OH) 4 sharing edges. Chains are connected together by the OH corners with alternating long V-O and short V=O bonds. Duttonite was discovered in natural ores 32, 33 and reported thrice [34] [35] [36] from hydrothermal routes. Duttonite's nano-/micro-structure has not been reported so far. On the other side, Häggite (Figure 2) is made of corrugated sheets linked by H bonds.
The sheets are made of double chains of edge-sharing octahedra. The chains are connected by oxo corners in V-O-V bridges consisting in two short V-O bonds. Häggite is naturally present in some ores but only 3 synthetic routes are known: [37] [38] [39] (1) reduction of NH 4 VO 3 by wood or lignite under hydrothermal conditions for few days, 38 (2) Pt-catalyzed reduction of V 2 O 5 by H 2 at 150 °C, 39 and (3) hydrothermal oxidation of a preformed V(OH) 2 NH 2 complex. 37 This last study from Wu et al. is the only one reporting Häggite's microstructure, consisting in 200 nm wide ribbons with micrometric length. 37 Häggite's composition was described as V IV V III O 2 (OH) 3 This work is dedicated to the development of a general and selective synthesis route towards both vanadium oxyhydroxides and a hydrate, namely Gain's hydrate (also called lenoblite V 2 O 4 ·2H 2 O), 40 which is unreported as a nanostructured compound. We demonstrate that such a fine polymorphism control can be achieved through precipitation under soft aqueous conditions, by relying on pH as experimental lever. The three phases are obtained as nanocrystals and show the smallest dimensions ever reported. In the case of Häggite, we specifically addressed the reaction mechanism through X-ray Absorption Spectroscopy (XAS) experiments. Finally, the properties of Duttonite and Häggite versus Li + and Na + insertion in batteries are reported.
RESULTS AND DISCUSSION

Synthesis and characterization of Häggite nanowires and Duttonite nanorods
The synthesis relies on aqueous precipitation in the presence of hydrazine at 95 °C during 4.5
days. pH adjustment is the keystone to selectively obtain two different oxyhydroxides from very close experimental conditions. Indeed, the extreme pH dependence yields different phases at pH 4.0 and 3.6-3.8, respectively. These compounds can be identified by XRD 32, 37 According to TEM and FESEM observations, Duttonite is obtained as short nanorods with a diameter of 5 nm and a length comprised between 5 and 25 nm (Figure 1) . On the other side, Häggite (Figure 2) is synthesized as nanowires of large aspect ratio, with diameters ca. 10 nm and lengths from 200 nm to 1 m. HRTEM (Figure 2c ) highlights a dspacing of 4.8 Å characteristic of (001) octahedra sheet planes running along the growth axis of the wires, as previously reported. 37 However, the herein reported nanowires are one order of magnitude smaller than the ribbons obtained by Wu et al., 37 which were 200 nm large, 10-40 nm thick and several microns long. Accordingly, we show herein an original morphology with the smallest dimensions reported. Due to their high aspect ratio, Häggite nanowires selfassemble into nanobundles (Figure 2d, e ).
Absorption spectra of both materials were calculated from reflectance measurements ( Figure S2 ). Duttonite displays a higher absorption in the near-IR region than Häggite. The optical gap of Duttonite, reported here for the first time, is evaluated at 0.9 eV. The corresponding value for Häggite is 1.2 eV, in agreement with the data reported by Wu et al. 37 FT-IR measurements (Figure S3 ) are consistent with both structures and data reported in the literature. [41] [42] [43] No trace of ammonium groups, potentially produced by the degradation of hydrazine during the synthesis, is observed.
We addressed the stability of Häggite versus thermal treatment and exposure to air, which has not been discussed so far ( Figure S4) Accordingly, the compound must be handled with care for properties investigations and implementation into future devices. Häggite samples were therefore stored in an argon-filled glove box and structure preservation was checked by XRD. we monitored the course of the reaction by XRD, TEM and XAS. A particular attention was focused on the evolution of the local and long-range order structure, the vanadium oxidation state and the morphology of solid phases. This preliminary study shows that Häggite formation starts with the precipitation of an amorphous solid, followed by crystallization of Gain's hydrate. As specified above, the structure of this phase is not reported in the literature. Nevertheless, FTIR provides some hints about its local structure, which clearly differs from those of Duttonite and Häggite. In agreement with previous reports, 45 
Formation mechanism of Häggite
XAS study: composition and local structure of Duttonite and Häggite. To reach a deeper
insight into the reaction mechanism, we addressed by XAS the evolution of the metal coordination sphere, the local structure, and the vanadium oxidation state in the course of the reaction. Since the pioneering work of Wong et al. 46 recently completed by Chaurand et al., 47 the XANES part of V K-edge XAS spectra is recognized as a powerful tool to derive information on vanadium oxidation state and the geometry of its first coordination sphere. In particular, linear correlation between the oxidation state of known compounds and the position of the rising edge, E 1/2 corresponding to 50% level of the normalized absorbance, is often used to evaluate the oxidation state of unknown vanadium phases. 47, 48 When the mean oxidation degree increases, the position of the E 1/2 parameter is linearly shifted to higher energies. Furthermore, the presence of pre-edge features resulting from transitions of 1s vanadium core electrons towards molecular orbitals in which 3d states are hybridized with vanadium p levels is also very informative about the stereochemical arrangement around vanadium: formally forbidden for pure octahedral symmetry, the intensity of the pre-edge feature increases for distorted arrangement and non-centrosymmetrical arrangement like tetrahedral symmetry, everything else being equal in particular the oxidation state of vanadium. The aforementioned trends are clearly verified with the XANES analysis of several vanadium oxy-compounds (Table S1 ) with various vanadium oxidation states and coordination polyhedra 46 (Figure 4) . For pentavalent vanadium references, the highest prepeak (Figure 4a, b) is observed for the aqueous solution of NaVO 3 in which vanadium is embedded in a pure tetrahedral symmetry whereas for tetravalent references, the intensity of the pre-edge peak of V 2 O 4 is lower than the one of VOSO 4 ·3H 2 O as a result of a more symmetrical octahedral symmetry. Figure 4d reports the correlation between the energy value measured for the normalized absorption µ(E)=0.5 (Figure 4c ) and the oxidation degree of reference samples. The correlation is coherent with reported data. 46 The E 1/2 positions of Duttonite (VO(OH) 2 ) and Häggite are 5479.3 eV and 5478.7 eV (Figure 4c) , respectively.
These values unambiguously evidence that Duttonite as well as Häggite possess solely V +IV cations (Figure 4d ). This result confirms Häggite's formula V 2 O 3 (OH) 2 corrected by Wu et al. 37 from the original one (V 2 O 2 (OH) 3 32 ).
The EXAFS spectra and corresponding Pseudo Radial Distribution Function (PRDF)
of Duttonite and Häggite are presented Figure S6 in comparison with some of the vanadium oxy-compounds discussed in Table S1 . Both phases display medium range order with strong contributions at distances R > 2 Å but with clear differences in shape. The EXAFS spectrum of Duttonite can be satisfactorily fitted to a strongly distorted octahedral V +IV environment ( Figure S7) , with one oxygen at 1.64 Å, four oxygens at 1.99 Å and 1 oxygen at 2.38 Å. The structural parameters obtained from this fit are gathered in Table S2 . The shortest V-V distance is at 3.09 Å. All in all, the EXAFS data are in agreement with the reported Duttonite structure. [32] [33] [34] [35] [36] Comparison of the pre-edge peak intensity for Duttonite and Häggite suggests that in the latter structure, vanadium is embedded in a more symmetrical environment. Indeed, the intensity of the pre-edge feature for Häggite is even lower than the one found for V 2 O 4 .
Considering the crystallographic structure reported for Häggite by Evans et al. 32 and more recently by Wu et al., 37 a satisfactory least-square fitting of the EXAFS data ( Figure S7 , Table S2 ) of the Häggite obtained after 6.5 days of ageing at 95 °C confirms the octahedral coordination with 5 oxygen atoms at 2.01 Å and 1 oxygen atom at 1.69 Å. The latter distance corresponds to the oxygen atom connecting two double chains of equivalent octahedra sharing edges. These chains extend along the b axis. The 1.69 Å distance is shorter than the one from the reported crystallographic structure, equal to 1.82 Å. 32, 37 In addition, the nearest vanadium neighbours are found at 3.07, 3.17 and 3.37 Å, versus 3.00, 3.15 and 3.63 Å in the reported structure. The first two values correspond to distances within the linear chains of octahedra sharing edges. The third value reflects the connection of two double chains by octahedra sharing corners. In agreement with the shortening of the associated V-O bond, the inter-chain V-V distance between vanadium atoms sharing this oxygen is found at shorter distance (3.37 Å) than the one reported at 3.63 Å. 32 All in all, EXAFS data are in good agreement with the structure of the Häggite double chains of octahedra and XAS measurements confirm the V IV 2 O 3 (OH) 2 formula and the related structure proposed recently, 37 in opposition to previous works. 32, 39 The distance between the double chains determined by EXAFS is shorter than the values from the reported crystallographic data. 32, 37 According to the literature, the initial NaVO 3 solution is composed of vanadate polyanions with moderate molecular weight based on V +V in tetrahedral coordination. 49 The corresponding distance to first neighbors of 1.74 Å (V-O bonds) is located at 1.4 Å on the PRDF (Figure 5f) . When hydrazine is added, this distance is split into two contributions, while a contribution of second neighbors appears between 2.5 and 3.5 Å on the PRDF.
Splitting of the first peak is consistent with the formation of a V +IV complex bearing in the first coordination shell a short V=O bond at 1.62 Å and longer V-N bonds at 2.10 Å, as reported in a square-based pyramidal V +IV complex. 50 The appearance of the distance to second neighbors suggests the formation of oligomers containing several V ions, which may be connected by hydrazine acting as bidentate ligand or by its nitrogen-containing degradation products. Moreover, the intensity of the pre-peak (Figure 5a and b) is significantly lowered at this step, showing that the symmetry of the vanadium environment is increased. When the pH is adjusted at 3.6, the first contribution in the PRDF is not split anymore and is slightly shifted at longer distances on the PRDF (1. 5 Å) compared to the initial NaVO 3 solution. Besides, the increasing contribution of second neighbors through a broad peak at high distances (2.8 Å on the PRDF) indicates further inorganic polymerization and marks precipitation. Note that the pre-edge and edge features for the suspension after 1 h of heating are close to those of an aqueous solution of VOSO 4· 3H 2 O (Figure 5c and d) , corresponding to V +IV in a strongly distorted octahedral environment. was run under stirring to speed up the process. We checked that the phase evolution was similar, that Gain's hydrate was obtained at 5 h with or without stirring. Afterwards, structural evolution after 5 h is faster under stirring (Figure S8) .
The vanadium K-edge energy is not modified upon heating and confirms that the oxidation state remains +IV during the reaction (Figure 6b) . Upon aging, the intensity of the 1s→4p band (5485 eV) increases while the 1s→3d band (pre-edge band at ca. 5470 eV) decreases. The pre-peak intensity continuously drops during temperature treatment, showing again that the geometry around vanadium is becoming more centrosymmetric: from tetrahedral coordination in the initial solution, the symmetry evolves towards a less distorted octahedron. These data provide unprecedented insight into the local structure of Gain's hydrate (5 h at 95 °C), which structure is currently unknown. According to the relatively high pre-peak intensity, vanadium is in a non-centrosymmetric environment. The presence of a set of isobestic points at 5507, 5533 and 5577 eV (Figure S9) transformation is accompanied by a splitting of the second correlation peak into two distances, while the peak at 5.6 Å decreases. Such a structural evolution is well known in Magnéli phases, especially in V n O 2n-1 with mixed valence V IV /V III , from the rutile VO 2 structure. [51] [52] [53] This proposed mechanism is also in line with the similar length distribution of the initial Gain's hydrate nanoribbons and the final Häggite nanowires.
Overall formation mechanism. According to XRD, TEM and XAS studies, one can describe the reaction mechanism towards Häggite through the following steps: (Figure 1) . where dissolution-recrystallization mechanism could take place. On the opposite, at pH 4.0 the initial amorphous solid is likely to evolve to Duttonite by in situ crystallization.
Electrochemical properties. Because soft chemistry allows selective formation of both oxyhydroxides, we underwent the first study of the electrochemical behavior of Duttonite and
Häggite. The ability of vanadium compounds to store lithium and sodium ions, together with the respective lamellar and wire structures seem indeed promising for increasing the capacity and its stability at high charge/discharge rate. Composite Häggite/carbon electrodes ( Figure S11) were used first to evaluate the insertion mechanisms by cyclic voltammetry, which shows that the storage mechanism for Li and Na cells is mostly faradaic (Figures S12
and S13). 54 The cycling stability of Häggite and Duttonite was evaluated in galvanostatic mode (C/10 rate) for Li-and Na-based cells (Figure S14) exchanged) comparable to state-of-the-art cells based on vanadium oxy-compounds. [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] However, deterioration occurs during the first 50 cycles for H-Li which stabilizes at 100 mAh·g -1 , while a short circuit happens reproductively after 10 to 20 cycles for D-Li.
Similar capacity drops also occur with the H-Na and D-Na cells. These behaviors may be ascribed to detrimental dissolution of the electrode material, in agreement with a plateau observed for H-Li at high potential (Figure S13a, between 3 .5 V and 4.2 V vs Li) during the first oxidation step. Moreover, after cycling, when opening the cell, the electrolyte is yellow, characteristic of dissolved decavanadate V +V species, well recognized in vanadium oxidebased batteries. 55 Hence, capacity drop is related to the transformation of the V +IV electrode material into soluble V +V species. 48 The occurrence of short circuit with Duttonite (D-Li) may be ascribed to the smaller particle size and then increased reactivity compared to Häggite (H-Li). This dissolution phenomenon for both Häggite and Duttonite, typical of vanadium (oxyhydr)oxides, 55 may be avoided by increasing the lowest reduction potential or by protecting the nanoparticles surface with conductive carbon coating for instance. 17, 56, 57 
CONCLUSION
In this paper, we described a new low temperature aqueous synthetic route towards two poorly studied vanadium oxyhydroxides. Häggite After drying at 120°C during one hour, the electrodes were pressed at 740 MPa at 120 °C.
Finally, the electrodes were soaked in diethyl ether to remove the DBP in order to get a porous electrode. During this study, each rate condition was repeated during three cycles and the third capacity was reported. Cyclic voltammetry and galvanostatic measurements were performed at room temperature on a Biologic multichannel potentiostat. Specific currents were applied, proportional to the mass of active materials. For the capacity retention study, these current correspond to a C/10 rate (0.1 Li + inserted in one hour per vanadium ion).
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